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Introduction
no identified homologues of any of the components of this machinery in Drosophila. Widespread PCD does occur Programmed cell death (PCD) is an evolutionarily conduring Drosophila development and can additionally be served, active, regulated process of cell suicide which is induced by stimuli such as DNA damage (Abrams et al., used to delete unwanted or damaged cells (Raff, 1992) .
1993). The cell deaths are identical at the morphological Genetic studies on the nematode worm Caenorhabditis level to those that occur in other organisms suggesting a elegans have identified three principal genes that are common mechanism. A genetic screen to identify genes involved directly in the regulation and execution of cell required for cell death during Drosophila development death : ced-9, ced-3 and ced-4 (Ellis and Horvitz, 1991; (White et al., 1994 ) isolated a genomic region that was Hengartner et al., 1992) . Although ced-4 has no known subsequently shown to contain at least three genes whose homologues (Yuan and Horvitz, 1992) , the ced-9 and products can induce cell death: rpr (White et al., 1996) , ced-3 genes are highly structurally and functionally conhid (Grether et al., 1995) and grim (Chen et al., 1996) . served. ced-9 is a negative regulator of cell death in Overexpression of any single one of these genes induces the nematode and shares sequence homology with the extensive cell death even in the absence of the other two. mammalian bcl-2 family of genes (Hengartner and Horvitz, 1994) . The bcl-2 family also regulates cell death in
In all three cases, the deaths seem to be caspase dependent since they are blocked by coexpression of baculovirus p35 (a broad spectrum caspase inhibitor).
In this paper, we describe the cloning and characterization of drICE, a Drosophila melanogaster caspase. We show that drICE is expressed at all stages where death can occur during development, that it is a cysteine protease that cleaves p35 and lamin DmO, and that drICE is processed during apoptosis in Drosophila cells.
Results

Cloning of drICE
The suppression of cell death in Drosophila by p35 expression in vivo strongly indicates a role for caspases in the cell death machinery of Drosophila. To search for these caspases, we used a degenerate PCR-based strategy as described in Materials and methods. A unique band of 200 bp was obtained after performing PCR on a 4-8 h embryonic D.melanogaster cDNA library (Brown and Kafatos, 1988) and this was used to probe the same cDNA library. The resulting full-length cDNA was sequenced and found to contain a single ORF, encoding a protein with 38.9% identity with human CPP32β (FernandesAlnemri et al., 1994; Nicholson et al., 1995; Tewari et al., 1995) and Mch2 (Fernandes-Alnemri et al., 1995) and 30.4% with C.elegans CED-3. The predicted protein, which we called drICE, contains all the residues required for catalysis by caspases. The catalytic cysteine (C211) sits in a QACQG pentapeptide, as is the case for certain mammalian caspases FLICE/MACH1 Muzio et al., 1996) and Mch4. The predicted small subunit contains a region similar to the P4 specificity loop of human CPP32β shown to be critical in determining its substrate specificity for an aspartic acid residue at the P4 position rather than a large hydrophobic residue (Rotonda et al., 1996) and drICE might therefore be predicted to share such a specificity. CED-3 also contains this P4-specificity region and shares similar substrate specificity with CPP32β, from which we infer that all three proteases, from widely divergent organisms, probably share similar substrate specificity. drICE also contains an unusual N-terminal region which contains 30.8% Ser and 28.2% Gly (S32-Y69). The only other IRP known to contain a similar sequence is CED-3, whose N-terminal (S132-G206) highly Ser-rich (36.5%) region is of unknown function. Given the current emerging picture in which the processed at D221 which is immediately C-terminal to QACRG pentapeptide is in a shaded box, identical residues in all five proteins boxed and conserved residues are shaded. Known proteolytic the Ser-rich region and, since drICE also has an aspartic processing sites have the P1 Asp underlined and the putative mature acid residue (D80) at the immediate C-terminal end of its subunits of drICE are overlined. The locations of the PCR primers Ser-rich region, this suggests that D80 might be the drICE used for the initial degenerate PCR are shown.
N-terminal processing site.
Overexpression of drICE sensitizes S2 cells to
on the cells, it significantly sensitized S2 cells to apoptosis (Figure 2A and B). A population of S2 cells overexpressing apoptotic stimuli To address whether drICE might be involved in the drICE died at a significantly increased rate relative to cells containing empty vector when induced to die by either apoptotic pathway in Drosophila, we analysed the effects of its overexpression in the S2 Drosophila cell line. A cycloheximide or etoposide treatment. The observation that overexpression of drICE does not induce apoptosis in the full-length drICE ORF was cloned under the control of a metallothionein promoter and stably transfected into S2 absence of any apoptotic stimulus is consistent with a model in which caspases are principally post-translacells. While overexpression of drICE had no direct effect S2 cells express drICE ( Figure 4 ) and we therefore addressed the question of whether drICE is proteolytically processed during apoptosis in these cells as would be expected for a critical caspase in the apoptotic pathway. An rpr ORF was placed under the control of a metallothionein promoter and stably transfected into S2 cells. Following rpr induction, S2 cells underwent apoptosis ( Figure 4A ) and endogenous drICE was processed giving rise to both p21 (data not shown) and p12 subunits ( Figure 4B ). drICE processing was first detectable at time points where very little cell death could be seen in the cell pool. Analogous results were obtained for etoposide-and cycloheximideinduced apoptosis (data not shown).
drICE is a cysteine protease that cleaves p35 and lamin DmO Many caspases are known to autoprocess when overexpressed in Escherichia coli and we made use of this to purify mature processed drICE. We N-terminally Histagged drICE-N and produced this fusion protein under the control of the trc promoter in E.coli. The resulting protein was purified and found to contain three species when analysed by SDS-PAGE: a p30 form (His-drICE-N), a p21 (His-large subunit) and a small subunit of p12. The protein was Ͼ90% pure by SDS-PAGE ( Figure 5A ). Immunoblotting confirmed that the His tag was as expected on the p30 and p21 bands ( Figure 5A ).
We next assayed the ability of this purified protease to shown to act as a caspase inhibitor by acting as a substrate.
CuSO 4 , cells were treated with either etoposide at 10 μg/ml (A) or
If drICE is part of the basal machinery in Drosophila, it cycloheximide (CHX) at 5 μg/ml (B) and cell deaths monitored by time-lapse videomicroscopy as described (Evan et al., 1992) .
should therefore cleave p35. The Drosophila lamin B homologue, lamin DmO (Gruenbaum et al., 1988) , is cleaved during S2 cell apoptosis ( Figure 6 ) and therefore tionally regulated and this led us to investigate the role of processing in drICE regulation and activation.
represents a potential effector substrate for drICE. 35 Slabelled p35 or DmO proteins were incubated with the purified drICE enzyme which yielded the results shown Expression of a form of drICE lacking its N-terminus induces rapid cell death in S2 cells in Figure 5B and 5C respectively. p35 is an excellent substrate for drICE, being cleaved to completion within One of the critical processing events during caspase activation by proteolysis is the removal of an N-terminal 1 h at 37°C. While the cleavage of DmO is less efficient, the fragments obtained comigrate exactly with the DmO prodomain. Given the tight regulation of the activity of full-length drICE in S2 cells even after overexpression, fragments in apoptotic S2 cells (data not shown). drICE activity in both reactions is completely inhibited by the we decided to investigate the effects of expression of an N-terminally truncated form of drICE. An ORF corresaddition of 5 mM iodoacetamide ( Figure 5B and C) but not by a variety of other protease inhibitors (TLCK, ponding to amino acids 81-339 of drICE was constructed, cloned under control of a metallothionein promoter and TPCK, aprotinin and PMSF; data not shown), confirming that drICE is a cysteine protease. stably transfected into the S2 cells. Induction of expression of this ORF (drICE-N) rapidly resulted in apoptosis of S2 cells ( Figure 3A ) including characteristic blebbing of drICE is expressed at all stages of development Programmed cell death first becomes apparent during the cells, chromatin condensation and DNA degradation ( Figure 3C and D) . Overexpression of a catalytically Drosophila development at~7 h after egg laying (AEL) (Abrams et al., 1993) . However, it is possible to induce inactive mutant drICE-N (C211A) had no effect on S2 cells ( Figure 3A) . The cell death induced by overexpression of apoptosis at earlier times by DNA damaging agents (X-irradiation) or by overexpression of apoptotic activators drICE-N was completely blocked by the caspase inhibitors zVAD.fmk (Slee et al., 1996) and BocAsp.fmk ( Figure  such as rpr or grim. Since all these stimuli activate a caspase-dependent apoptotic programme, the caspases 3B), consistent with the activity of drICE as a caspase.
required for cell death must be present at all times at which death can be induced. A developmental Northern drICE is proteolytically processed during apoptosis in S2 cells blot of drICE expression (Figure 7) shows clearly that drICE expression is highest at 2-6 h AEL. Intriguingly, Apoptosis in S2 cells induced by overexpression of rpr, cycloheximide treatment or etoposide treatment is blocked this is not a period in which any detectable cell death is observed in the embryo: however, drICE is synthesized by caspase inhibitors (Pronk et al., 1996 ; data not shown). as an inactive pro enzyme, so mRNA expression gives no tion. The mammalian bcl-2 gene family encodes cell death regulator proteins that exhibit structural and functional indication of enzyme activity. Thereafter, drICE expression remains detectable throughout Drosophila development, homology with the product of the death-suppressing ced-9 gene of C.elegans. Likewise, the ced-3 'killer' gene of consistent with the notion that caspase machinery is present at all stages at which PCD can occur.
C.elegans encodes a member of the conserved caspase family of cysteine proteases, members of which play critical proapoptotic roles in mammalian apoptosis.
Discussion
However, despite this conservation of the basal machinery between the nematode and mammals, neither The basal machinery controlling PCD appears to have been substantially conserved throughout metazoan evoluced-9/bcl-2 nor caspase homologues has yet been identified in the fruit fly, D.melanogaster. Indeed, the proapoptotic apoptotic machinery in the fly and that in other organisms is that cell deaths in the fly, whether developmental or machinery so far defined in Drosophila via genetic screening comprises three genes, rpr, hid and grim that share induced by DNA damage or overexpression of rpr, hid or grim, are all inhibited by expression of the baculovirus little if any homology with known components of the mammalian death machinery and none at all with the p35 gene. Because p35 acts as a caspase inhibitor, this has been taken as evidence that cell deaths in the nematode. The only clear link thus far between the fly, as in other organisms, utilize a caspase-containing of CPP32β. Residues in this loop are critical in dictating the DXXD substrate specificity for CPP32β, suggesting machinery.
In this paper, we describe the cloning of a D.melanogasthat drICE also shares the same substrate specificity. The same P4-specificity loop is also present in the nematode ter caspase, drICE. drICE contains all the residues known to be involved in caspase catalysis and exhibits highest CED-3 caspase which has a similar substrate specificity to CPP32β: thus, a critical apoptotic enzyme with DXXD homology with the mammalian caspases Mch2 and CPP32β (38.9%). In addition to this overall homology substrate specificity appears to have been conserved through evolution. with CPP32β, drICE also contains a region in its putative small subunit that corresponds to the P4-specificity loop Overexpression of full-length drICE sensitizes S2 apoptosis is induced in Drosophila cells by rpr overexpression, or by the action of the topoisomerase II inhibitor etoposide or cycloheximide. Proteolytic processing of drICE is first detectable very early in such cultures, at a time when little overt apoptotic death is observed in the cell pool, suggesting that drICE processing is an early event in the execution of apoptosis. drICE autoprocesses when expressed in E.coli. This autoprocessing is seen with most caspases expressed in bacteria-even when the processing sites of the caspase do not conform to the precise substrate specificity of the caspase being expressed. Probably the extremely high concentrations of enzyme in bacterial extracts allow more promiscuous cleavage specificities. The purified bacterially expressed drICE enzyme is an iodoacetamide-sensitive cysteine protease that cleaves baculovirus p35 and lamin DmO in vitro. Lamin DmO is cleaved during normal apoptosis in S2 cells and the resultant fragments are identical in size to those generated by bacterially expressed drICE in vitro, suggesting that drICE may function as the apoptotic laminase. Lastly, drICE mRNA is detectable present at all stages at which apoptosis can be induced.
agarose gel, blotted and probed overnight with a 32 P-labelled drICE ORF probe. The blot was washed at 65°C in 0.2ϫ SSC, 0.1% SDS Taken together, the above data firmly suggest that drICE and exposed to Kodak XAR-5 film with an intensifying screen at is a genuine apoptotic caspase and as such is the first -70°C for 48 h. Prior to blotting, the gel was stained with ethidium component of the conserved apoptotic machinery to be bromide in order to visualize the ribosomal RNAs as a loading identified in Drosophila. The observations that drICE is control.
processed during rpr-induced apoptosis and that drICE cleaves p35 in vitro are both consistent with the idea that drICE is a critical p35-inhibitable caspase that acts Drosophila cells to apoptosis but does not induce it alone. In contrast, overexpression of an N-terminally truncated downstream from rpr. Elucidation of the precise nature of the molecular mechanism by which rpr, hid and grim form of drICE (drICE-N) is sufficient to trigger apoptosis rapidly in the same cell line. The difference between the trigger drICE activation is likely to prove highly revealing and the combination of in vivo genetics, cell culture and effects of full-length and drICE-N in S2 cells is consistent with the notion that the N-terminal prodomain represses biochemical techniques that are possible in Drosophila should rapidly advance our understanding of caspases and drICE activation. In this regard, it is interesting that the mammalian caspase proFLICE/MACH1 can be activated the mechanisms by which their activity is regulated. either via proteolytic processing by another protease (e.g. by granzyme B in vitro) or through interaction of its
Materials and methods
N-terminus with the death-domain adaptor FADD/ MORT-1 as part of the CD95-and TNF-killing pathways.
Cloning of drICE
In principle, therefore, drICE could also be activated between rpr and the death domains of CD95 and TNFR1 30s 72°C using primers F2 (5Ј-CAGGCNTGYCGNGG) and R2 (5Ј- (Golstein et al., 1995) , which are required for the recruit-ACASCWSAWWATGWKTC) where S ϭ C, G; D ϭ A, G, T; R ϭ A, G; W ϭ A, T; K ϭ G, T; I ϭ deoxyinosine. All reactions were performed ment of FADD/MORT1 (Boldin et al., 1995; in 100 μl volume containing 1.5 mM MgCl 2 , 100 μM dNTP, 500 ng of et al., 1995) and hence FLICE/MACH1 to the Death each primer and 2.5 U of Taq polymerase in 1X BioTaq NH 4 ϩ buffer.
Inducing Signalling Complex (DISC) make the latter
The PCR product obtained was cloned into pCR 2.1 using the TA model particularly attractive. In this case, rpr could be cloning kit according to manufacturer's instructions (Invitrogen) and then sequenced. The PCR product was subsequently used to probe the involved in recruiting drICE (perhaps via other molecules) same library that had been used as a PCR template. The longest clone to an analogous 'DISC' resulting in drICE activation and obtained was subcloned and sequenced both manually and using an apoptosis. Where mammalian FLICE/MACH1 activity is automated sequencer. The amino acid alignment was carried out using regulated by the action of external ligands (FasL or TNF), the PILEUP program. The accession number of drICE is Y12261.
Drosophila drICE regulation would presumably be linked to transcriptional regulation of rpr.
Culture and transfections of S2 cells
ORFs corresponding to full-length drICE, full-length FLAG-tagged
However it is regulated, if drICE is a genuine and drICE and drICE-N were generated by PCR. The C211A mutation was necessary part of the basal apoptotic machinery in the fly introduced using the Altered Sites II system (Promega) according to the then processing to its mature, active form should accommanufacturer's instructions. All ORFs were cloned into pMK33, which pany apoptosis. We have shown this to be the case: drICE contains a hygromycin resistance marker, placing them under the control of a metallothionein promoter. S2 cells were grown in Gibco Schneider is proteolytically processed to its mature subunits when
